blood monocytes. Increased blood vessel permeability, which occurs in dengue haemorrhagic fever and dengue shock syndrome patients, has been correlated with secondary heterotypic infections and has been postulated to arise from antibody-enhanced infection of monocytes. The data presented suggest a possible mechanism whereby infected monocytes undergoing diapedesis through blood vessel walls might differentiate sufficiently during the process to release virus and cytokines at localized sites on blood vessels.
Despite the fact that dengue virus causes one of the most important mosquito-borne viral diseases worldwide, affecting up to 100 million people annually, the pathogenic effects of infection are still poorly understood (reviewed by Henchal & Putnak, 1990) . Infection with any of the four dengue virus serotypes can result in dengue fever, with an increasing incidence of development to the more serious diseases, dengue haemorrhagic fever (DHF) and dengue shock syndrome (DSS). DHF is typified by many scattered small haemorrhages and can progress to rapid and often fatal hypovolaemic shock, DSS, resulting from increased permeability of blood vessels. Difficulty in detecting virus, lack of severe pathological manifestations, immunological status and the rapidity with which survivors recover has led to the belief that DHF and DSS are predominantly immunopathological diseases, possibly arising from dysfunction in the release of natural biological mediators (reviewed by Bharamapravati, 1989) . Halstead (1970) proposed that DHF and DSS occur in second heterotypic dengue virus infections where non-neutralizing residual antibody could facilitate entry of virus via Fc receptors into permissive cells such as monocytes or macrophages. This antibody-enhanced monocyte infection might then lead to an immunological cascade resulting in increased blood vessel permeability.
Epidemiological data support a relationship between serious disease and a second infection with a different dengue serotype (reviewed by Halstead, 1989) . Monocytes and macrophages are among a small number of cell types reported to display dengue virus antigens in autopsy samples (Yoksan & Bhamarapravati, 1983) and virus has been isolated from adherent peripheral blood leukocytes in haemorrhagic fever patients (Scott et al., 1980) . The infection in vitro of monocytes or macrophages by dengue virus and its enhancement by dilute or heterotypic antibodies via Fc receptors has been confirmed in several laboratories (Halstead & O'Rourke, 1977; Daughaday et al., 1981; Brandt et al., 1982) and has also been demonstrated for several other viruses (Peiris & Porterfield, 1979; Peiris et al., 1981 ; Schlesinger & Brandriss, 1981; Chanas et al., 1982; Burstein et al., 1983; Homsy et al., 1988; Ochiai et al., 1988; Takeda et al., 1988; Montefiori et al., 1990; Tamura et al., 1991) . Dengue virus can also grow in vitro in human lymphoblastoid lines (Sung et al., 1975; Theofilopoulos et al., 1976) and in primary human endothelial cells (Andrews et al., 1978; Killen & O'Sullivan, 1992) .
Blood monocytes constitute an extremely heterogeneous population of cells, most probably as a result of some differentiation in the 36 to 104 h that they spend in blood circulation (Dougherty et al., 1989) . We isolated pure, undifferentiated human monocytes but found that, even when grown in Teflon wells (i.e. non-adherent) and with serum deprivation, it was impossible to prevent cellular differentiation (defined by morphology and Fig. 1 . In situ hybridization was performed with a aSS-labelled dengue virus antisense riboprobe following infection of U937 cells with dengue virus (serotype 2, strain 1232; Jakarta 1978). Cells were mock-infected or infected at a multiplicity of 1 with virus (a) or with virus preincubated with dengue virus convalescent antiserum, diluted 1:40000 (b). Cells were fixed at 2 days post-infection and processed for in situ hybridization using a 35S-labelled riboprobe as described by Killen & O'Sullivan (1992) . Autoradiographic detection was as described by Brahic & Haase (1978) . enzyme changes) for more than 24 h. This has been previously observed by Gendelman et al. (1986) and others. We therefore examined the susceptibility to, and effects of, dengue virus infection as a function of cellular differentiation using the promonocytic cell line U937, derived from a human diffuse histiocytic lymphoma (Sundstrom & Nilsson, 1976) . This line has been widely used as a model for human monoblasts or monocytes, since it differentiates in response to lymphokines or phorbot myristate acetate (PMA) to express a number of macrophage characteristics (Larrick et al., 1980; Pike et al., 1980; Ralph et al., 1982) .
Growth of dengue virus in U937 cells, when infected via Fc receptors, has previously been demonstrated by a virus assay of frozen aliquots (Pieris & Porterfield, 1979; Brandt et al., 1982) or by the detection of an increase of virus antigens on cells (Konty et al., 1988) . On confirming this data by virus antigen detection, in situ hybridization and virus assay, we observed that the infection of U937 ceils with virus-dilute antibody complex did not affect gross cellular morphology, growth rates or viability as measured by trypan blue exclusion, even at high 'm.o.i. For virus assays we utilized the c.p.e, of infection on C6/36 mosquito cells, because of high reproducibility and the absence of species-specific effects of interferon-a, which is induced in monocytic cells on infection with dengue virus . As observed by others, we found no evidence for viral replication in infections without antibody. Detectable virus appeared on the surface of some cells as seen by in situ hybridization (Fig. 1 a) and by immunocytochemistry. Fig. 2 . In situ hybridization of infected, differentiated U937 cells. Cells were fixed at 2 days after infection with dengue virus (serotype 2, strain 1232) at an m.o.i, of 4 with antibody diluted to 1:40000. In situ hybridization with a biotinylated dengue virus antisense riboprobe, detection and negative controls were as described by Killen & O'Sullivan (1992) . Virus RNA is indicated by the red colour, which was absent in uninfected controls. Also, infectious virus could be recovered from cell lysates following post-infection washes up to, but never exceeding, 3 days after infection. On infection with virus-antibody complex, intracellular virus was observed from 2 days post-infection (in situ hybridization; Fig.  1 b) . Virus antigen increased (as previously observed; Konty et al., 1988) and viral titres increased (as observed by Brandt et al., 1982 ) from 3 days post-infection, indicating virus replication. On separating cells from supernatant fluid before freezing we found that these increasing viral titres were confined to the cell fraction (Table 1) and virus was not secreted into the supernatant fluid.
On differentiation of U937 cells to the strongly adherent macrophage phenotype, by addition of 1'6 × 10 -8 M-PMA for 4 to 5 days, the cells became susceptible to infection with clinical isolates of dengue virus serotypes 1 and 2, both in the absence or presence of dilute antibody. With differentiated cells, in situ hybridization at 2 days post-infection showed intracellular viral RNA (Fig. 2) , consistent with its location as replication complexes in endoplasmic reticulumassociated vesicles, as observed for other flaviviruses. In infections with or without antibody, infectious virus was released into the supernatant fluid (Fig. 3a) . Similar results were obtained with primary human monocytes after 5 days adherence to plastic, when the cells had acquired a macrophage phenotype. Viral antigen increased in the cell population and virus was released into the supernatant fluid (Fig. 3 b) . This data indicated that the change in susceptibility to infection by virus alone and the release of virus from the cells resulted from cellular differentiation rather than merely from the presence of PMA in the U937 cell cultures.
Undifferentiated primary human monocytes maintained in Teflon wells showed no increase in titre when infected with virus alone. With virus-antibody infections, small increases in viral titre in both cellular and PUO 359, Bangkok 1980 ) at a multiplicity of 1, with or without dilute antibody, washed three times in PBS and returned to the same medium. Clarified aliquots of supernatant fluid were frozen daily from the day of infection (day 0) for virus assay. TCIDs0/ml values were calculated from infection of 2 × 10 ~ cells/well, at a m.o.i, of 1, in a final medium volume of 0.2 ml. The virus-antibody infection was carried out in duplicate. (b) Human monocytes were purified from fresh blood using Ficol~Hypaque (Sigma) and adherence to BHK-21 cell residue (Douglas et al., 1981) to remove platelets completely. Pure monocytes were allowed to adhere to plastic wells for 5 days. Supernatant aliquots were clarified and assayed for virus following infection for 90 rain (day 0) with dengue virus (serotype 2, strain 1232) alone or with dengue virus and antibody diluted 1:40 000. TCIDso/ml values were calculated from infection of 3 × 105 cells/well, at an m.o.i. of 10, in a final medium volume of 0.2 ml. supernatant fractions were observed. The data, although inconclusive (since cells did not thrive in the absence of serum), were consistent with the results obtained with U937 cells.
Short communication
To confirm the effects of differentiation, promonocyte U937 cells were infected with virus-antibody complex and 1 day later cell differentiation was initiated by transferring part of the culture into medium containing PMA. Samples from the differentiating and nondifferentiating cultures were clarified and the supernatant fluids were assayed for virus. The assay results (Fig. 4) showed that virus was synthesized and released from these ceils 48 h after addition of PMA. At this stage cells were loosely adherent and moving into clumps but outgrowth from clumps into the macrophage phenotype had not yet started. No virus was released from the undifferentiated control cells. Partial differentiation was thus sufficient to allow virus release.
From a visual examination under the microscope, infections of the differentiated cell line or adherent primary cells appeared to be slowly cytolytic. The cytolytic effect of infection was confirmed for differentiated U937 cells by staining with trypan blue. Increases in trypan blue-staining cells were particularly marked in virus-antibody complex infections (Table 2) . A second quantitative method used to study the cytolytic effect was measurement of the enzyme lactate dehydrogenase (LDH) released into the supernatant fluid, as described by Davies et al. (1974) . Differentiated U937 cells disperse unevenly at a low cell density and have a high serum requirement. The cells were set up in duplicate such that serum LDH represented 50 % of the total LDH per flask. Control experiments showed that the serum LDH remained constant throughout the course of each experiment. Medium was changed 24 h before each LDH measurement. An increase in supernatant LDH, expressed as a percentage of total LDH, was thus a measurement of cell loss from each flask. This method also demonstrated a more severe cytolytic effect with virus-antibody infections compared to infections with virus alone (Table 2 ). The results of these experiments show that infection of differentiated ceils by dengue virus is cytolytic and causes release of virus from the cells. The viability studies also show enhanced cytolysis by viral infections in the presence of antibody.
The pathogenic mechanisms in dengue virus diseases are difficult to elucidate because of the absence of an animal model, the blood vessel fragility of seriously ill patients and the lack of gross pathological lesions on autopsy. The progression from DHF to DSS can be extremely rapid, yet patients who survive recover quickly, suggesting that blood vessel permeability is affected by a transient and localized release of vasoactive substances. Antibody enhancement of monocyte or macrophage infection has been suggested as a possible contributing factor to serious dengue virus disease and the presence of antibody, caused by a previous heterotypic dengue virus infection, is now considered to be a risk factor. Konty et al. (1988) have shown that T cells from dengue virusimmune donors produce interferon-~, which augments Fc receptors, and they suggest that this process could be a contributing factor in severe dengue virus disease. In vitro enhancement of macrophage infections is not unique to dengue virus. If this mechanism also operates in vivo, to give increased blood vessel permeability, it should have a consequence specific to dengue virus infection. The cytolytic effect of dengue virus infection when a monocyte is differentiated and the more marked cytolytic effect when infection is via Fc receptors suggest the following possibility. Monocytes adhere to blood vessel endothelial cell layers on diapedesis through the vessel walls. Such adherence might be sufficient to trigger c.p.e, in monocytes (infected via their Fc receptors) with release of cell contents, including factors that affect permeability in situ on the blood vessels. A localized permeability change leading immediately to localized fluid loss could explain why attempts to relate blood cytokine levels to disease severity is proving to be difficult (Hober et at., 1993) . It is worth noting that the ability to infect endothelial cells and macrophages, with the slow cytolytic effect on the latter, are also properties of * U937 cells were differentiated in duplicate with PMA (1.6 × 10 8 M) for 4 days. Cells were uninfected or infected with dengue virus (serotype 2, strain 1232; m.o.i, of 10) with or without antibody. Medium was changed 24 h before measurements. At 3 and 7 days post-infection adherent cells were stained with trypan blue and LDH was measured in adherent cell and supernatant fractions (Davies et al., 1974) using Sigma kit LDH-L10. Viability loss is expressed as percentage of cells staining blue or supernatant LDH as a percentage of total LDH.
Marburg virus. This virus also causes haemorrhagic fever and fatal shock (Feldmann et al., 1993) . Interactions of such infected cells therefore deserve further study.
